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C O N F I D E N T I A L  BUILETIN 

THE R E L A T I O N  RET'SJESN S P A K V I S E  V A R I A T I O N S  I N  THE C R I T I C A L  

NACB NUMBER AND SPAIWISE LOAD D I S T R I B U T I O N S  

By Richard T. Whitcomb 

Data a re  presented t o  show the changes t h a t  occur i n  
the spanwise load d i s t r i b u t i o n s  on wings when the c r i t i c a l  
Mach number i s  exceeded. These d a t a  i n d i c a t e  t h a t  the 
magnitude of the  changes i n  spanwise load d i s t r i b u t i o n  
var ies  with the magnitude of the spanwise v a r i a t i o n  i n  
the c r i t i c a l  Mach numhers of t he  sec t ions .  Means of 
reducing the magnitudes o f  such changes a r e  considered. 

INTFIODTJC T ION 

The r e s u l t s  o f  t e s t s  of numerous a i r f o i l s  a t  h igh  
speeds i n d i c a t e  t h a t  there  may be considerable  changes 
i n  the spanwise load d i s t r i b u t i o n s  on a wing when the 
c r i t i c a l  Mach number o f  the wing I s  exceeded. After  
the l o c a l  Mach number on an a i r f o i l  s e c t i o n  exceeds a 
value o f  un i ty ,  a compression shock i s  formed t h a t  
r e s u l t s  i n  a decrease i n  the l i f t  c o e f f i c i e n t  on the 
s e c t i o n  f o r  the same angle o f  a t t a c k  ( r e fe rences  1 t o  3 ) .  
These decreases  of l i f t  c o e f f i c i e n t  gene ra l ly  occur a t  
d i f f e r e n t  f l i g h t  speeds on the various sec t ions  of a 
wing. A change i n  the spanwise load d i s t r i b u t i o n  would 
therefore  u s u a l l y  be expected t o  occur on a wing 
operat ing a t  a Mach number above t h a t  a t  which a loss 
o f  s e c t i o n  l i f t  c o e f f i c i e n t  f i r s t  occurs s ince ,  a t  
t h i s  Mach number, some sec t ions  w i l l  have experienced 
a g r e a t e r  l o s s  i n  l i f t  than o the r  s ec t ions .  Such changes 
a f f e c t  the wing bending moments, the a i rp l ane  t r i m ,  and 
the s t a b i l i t y  c h a r a c t e r i s t i c s .  

The p o s s i b i l i t y  t h a t  such changes may occur has  
been recognized f o r  s eve ra l  years  ( r e fe rence  4 ) .  A 
means is a v a i l a b l e  f o r  es t imat ing  the magnitude of  
the changes through the use o f  the low-speed l i f t i n g -  
l i n e  theo ry  and two-dimensional high-speed wind-tunnel 
data ( r e fe rence  5 ) .  
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An analysLs o f  the r e s u l t s  o f  wind-tunnel t e s t s  
i n  two-dimensional f l o w  ( r e fe rences  1 t o  3 )  i n d i c a t e s  
t h a t  the magnitude of  the l o s s  i n  l i f t  c o e f f i c i e n t  which 
occurs a t  s u p e r c r i t i c a l  Mach nwnbers i s  a func t ion  o f  
the amount by which the operat ing Mach number exceeds 
the c r i t i c a l  Mach nimber. The magnitudes o f  the changes 
i n  the spsnwise d i s t r i b u t i o n  o f  load on most  a i rp l ane  
wings shoxld therefore  be expscted t o  vary with the 
magnitude o f  the spanwise va r i a t ions  of  the s e c t i o n  
c r i t i c a l  Mach number. 

The purpose o f  the n re sen t  paper i s  t o  i l l u s t r a t e  
the r e l a t i o n s h i p  between the sDanwise v a r i a t i o n s  o f  
load d i s t r i b u t i o n  and the sec t ion  c r l t i c a l  h'Iacl.1 number. 
In order  t o  show th is  r e l a t ionsh ip ,  s u b c r i t i c a l  and 
s u p e r c r i t i c a l  load d i s t r i b u t i o n s  and va r i a t ions  of 
c r i t t c a l  Mach numbsr, ca l cx la t ed  f rom pressure measure- 
ments made during high-speed wind-tunnel t e s t s ,  a re  
shown f o r  three tapersd  wings. Means o f  reducing the 
Indica ted  changes a r e  considered. 

EXPERIKENTAL RESULTS 

Figure 1 shows the sDanwise load d i s t r i b u t i o n s  f o r  
a wiiig (JTACA 23015 r o o t  s ec t ion  and NACA 4+12 t i p  
s e c t i o n )  on which the re  i s  a l a r g e  spanwise v a r i a t i o n  
i n  the s e c t l o n  c r i t i c a l  Mach number. Figure 2 shows the 
spanwise load d i s t r i b u t i o n s  for a wing (Boe!ng 117 sec- 
t ion ,  22 m r c e n t  t h i ck  a t  roo t  and 12 percent  t h i c k  a t  
t i p )  on which the spanwise var fd t ion  'in the s e c t i o n  
c r i t i c a l  Mach number i s  moderate, These two wings were 
t e s t e d  i n  the  Langley &foot  high-speed tunnel .  
shows the  spanwise load d i s t r i b u t i o n s  f o r  a wing 
(NACA 63(420)-422 roo t  s ec t ion  and bT%X 63(420)-517 t i p  
s e c t i o n )  on which there  i s  only a s l l g h t  spanwise 
v a r i a t i o n  i n  the s e c t i o n  c r i t i c a l  Mach number. This 
wing was t e s t e d  i n  the Ames 16-foot high-speed tunnel .  
The d i s t r i b u t i o n s  have been determined f o r  a wing l i f t  
c o e f f i c i e n t  of 0.2. The s u p e r c r i t i c a l  span loadings 
a re  f o r  the Mach numbers a t  which the va r l a t ions  f rom 
the s u b c r i t i c a l  loadings a re  most pronounced. The 
loadings a re  nresented i n  the conventional manner - 
t h a t  i s ,  as Cnc p l o t t e d  aga ins t  the d i s t ance  from 
the cen te r  of the wing along the  semispan, where Cn i s  
the s e c t i o n  normal-force c o e f f i c i e n t  and c i s  the 
s e c t i o n  chord. The spanwise v a r i a t i o n s  i n  the s e c t i o n  

Figure 3 
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c r i t i c a l  Mach number &Icr a re  a l s o  shown i n  the  f i g u r e s .  
These v a r i a t i o n s  i n  c r i t i c a l  Mach number a re  determined 
f o r  the angles  o f  a t t a c k  corresponding t o  a wing l i f t  
c o e f f i c i e n t  CL of  0.2 a t  low speeds. 

The r e s u l t s  shown were obtained from da ta  recorded 
during t e s t s  of wing models t h a t  spanned the t h r o a t s  of 
the tunnels .  The a i r  flow over the wing sec t ions  near  
the t i p s  w a s  t he re fo re  anproximately two dimensional a s  
compared with the flow t h a t  would have been present  
had the wing been t e s t e d  with f r e e  t i p s .  Unpublished 
d a t a  obtained during wind-tunnel t e s t s  a t  high speeds 
of a wing with a f r e e  t i p  ind ica t e  t h a t  the c r i t i c a l  
Mach number o f  a wing s e c t i o n  i s  g r e a t e r  when the 
s e c t i o n  i s  opera t ing  i n  the a i r  flow near  a f r e e  t i p  
than when the s e c t i o n  i s  operat ing i n  a two-dimensional 
f low.  If the wings had been t e s t e d  with f r e e  t i p s  a t  
the same angles  o f  a t t a c k ,  the c r i t i c a l  Mach numbers 
o f  the t i p  s e c t i o n s  would therefore  probably have been 
g r e a t e r  than the c r i t i c a l  Mach numbers measured during 
the p re sen t  t e s t s .  

D I S C  US S I O N  

The r e s u l t s  presented i n  f i g u r e  1 show the r a d i c a l  
changes t h a t  can occur i n  spanwise l o a d  d i s t r i b u t i o n  on 
a wing with a l a rge  spanwise v a r i a t i o n  i n  the s e c t i o n  
c r i t i c a l  Mach number. A considerable  change i n  load 
d i s t r i b u t i o n  on a wing with a moderate spanwise v a r i a t i o n  
i n  the c r i t i c a l  Mach number i s  shown i n  f igu re  2, and 
a neg l ig ib l e  change on a wing with a small  spanwise 
v a r i a t i o n  i n  the c r i t i c a l  Mach number i s  shown i n  
f igu re  3 . These experimental  r e s u l t s  thus i n d i c a t e  
t h a t  the magnitude o f  the change i n  the  spanwise load 
d i s t r i b u t i o n  on a wing a t  s u p e r c r i t i c a l  Mach numbers 
va r i e s  w i t h  the magnitude of  the  spanwise v a r i a t i o n  
i n  the c r i t i c a l  Mach number o f  the wing sec t ions .  

The outboard movement of the c e n t e r  of load on the 
semispan of a wing a t  s u p e r c r i t i c a l  Mach numbers, a s  
shown i n  f i g u r e s  1 and 2,  decreases  the downwash i n  the 
region o f  the t a i l  f o r  a given wing l i f t  c o e f f i c i e n t  
and decreases  the change i n  downwash f o r  a given change 
i n  wlng l i f t  c o e f f i c i e n t .  These v a r i a t i o n s  change the 
e l e v a t o r  d e f l e c t i o n  required f o r  t r i m  and increase  the 
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s t a b i l l - t v  of  the a! r?plane. Such an outboard movement 
o r  the cen te r  o f  load also i n c m a s e s  the  bending 
moments on a wins s t r u c t u r e ,  If the outboard movement 
occurs when the wing i s  supporzing ib s  maximum design 
load, the f a c t o r  o f  s a f e t y  for the wiiig s t r u c t u r e  i s  
decreased.. The decrease i n  the 13.S't c o e f f i c i e n t  on a 
wing f o r  a given angle of' a t t a c k  a t  s u p e r c r ? t i c a l  Mach 
numbers r equ i r e s  t h a t  the ans le  of' a t t a c k  o f  the a i r -  
plane be increased I n  order  to mazintaiii EL gfven l i f t  
c o e f f i c i e n t .  This  increase  in angle of' a t t a c k  leads  t o  
changes i n  th.e slevatox, d e f l e c t i o n  requi red  for t r i m  and 
t o  i nc reasas  i n  the s t a b i l i t y  a t  supercr4 t i c a l  Mach, 
numbers, i n  add i t ion  t o  th.e chan.i;:es pimducad b y  a 
spanwise movemsnt o f  the c3nter  o f  l o a d .  

Recause the outboard movenien-t o f  the c e n t e r  o f . :  
load produces ds t r imen ta l  clianges, t h i s  movement should 
be he ld  t o  :i rnin-tmun;. A comparison of r e s u l t s  i n  
f i g u r e s  1 t o  3 i n d i c a t e s  t h a t ,  f o r  a d e f i n i t e  moderate 
l i f t  c o e f f i c l e n t ,  the ot:tboa?d :novernent can be rsduced 
b y  designing ths wing-fuselsge coxhination t o  give the 
same c r i t i c a l  Mach num3er foi? each of? the wing sec t ions .  
The obvious method of obtaining th i s  r e s u l t  i s  t o  design 
t h e  wing with t h g  same sec t ion  and the same sec t ion  l i f t  
c o e f f i c i e n t  a t  each s t a t i o n  znd t o  reduco t:, a zinimum 
the i n t e r f a r e n c e  e f f e c t s  on .the wing. The r e s u l t s  
~ r e s e ~ t o b  i n  f igu re  3 ine- icate  t h a t ,  the same v-esult may 
be accomplisbed bv vsing the proper  combinatj-on of 
various win2 s e c t i o n s .  Th.e outboarci movement of' the 
c5nter  of  l o a d  nay a l s o  be mduced by s o  d e f l e c t i n g  
"dive-recover:?" f l a p s  Dlticed. inboard on the lower 
sur faces  of  the wfng t h a t  t he  l f f t  i nc reases  on the 
inboard sec t tons  where the g r e a t e r  l o s s e s  i n  l i f t  occur. 
Dive-recover:; f lazs  placed outboard would increase  
r a t h e r  than decrease the winq InendTng moments for a 
g€ven l i f t  and woul_.d be l e s s  e f f e c t f o e  .than inboard 
f l a ? s  i n  reducing the t o t a l  changes i n  the e l e v a t o r  
derlectfon. requirec? f o r  t r i m  a d  i n  reducing the 
s t a b i l i t y  of an a i r p l a n e .  

c owc LUD 1x3 REM.ARK S 

A con?parison of the r e s u l t b  of' t e s t s  o f  t h ree  
d i f f e r e n t  tapered wings i n d i c a t e s  'chat the m a p i t u d e  
of the spanwise aovement o f  wing c e n t e r  o f  load a t  
s u p e r c r i t i c a l  hihch numbers var ies  w i t h  %he magnitude 
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of spanwise v a r i a t i o n  i n  c r i t i c a l  Mach number; conse- 
quent ly ,  i,t may prove d e s i r a b l e  i n  the design o f  wings 
f o r  high-speed a f rp l anes  t o  choose s e c t i o n s ,  thickness-  
to-chord r a t i o s  o f  s e c t i o n s ,  and sec t ion  load d i s t r i -  
bu t ions  t o  provide a constant  value o f  the spanwise 
c r i t i c a l  Mach number. 

Some o f  the e f f e c t s  o f  the spanwise s h i f t  o f  the 
cen te r  of  load may be overcome by the use o f  dive-  
recovery f l a p s  placed inboard.  

Langley R,lernorial Aeronautical  Laboratory 
National Advisory Committee f o r  Aeronautics 

Langley F ie ld ,  Vu. 
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Figure 1.- Measured spanwise load distributions and spanwise 
variation of sect ion c r i t i c a l  Mach number on tapered wing 
81th NACA 23015 root sect ion and NACA 4412 t i p  section a t  
CL = 0.2. 
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Figure 2.-  Measured spanrP8e load distributions and spanwise 
variation of sect ion c r i t i c a l  Mach number on tapered wing 
with root-section thlckneas rat lo  of 22 percent and t i p -  
sect ion thlckneas ra t io  of 12 percent a t  CL = 0.2.  
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Semispan co N F I D EN T I A L 
Figure 3.-  Measured apamise load distributions and spanwise 

varlation of sect ion c r i t i c a l  Mach number on ta ered wing 
with MACA 63(420)-422 r o o t  sect ion and U C A  63(&0)-517 
t i p  sect ion a t  CL = 0.2. 
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Figure 3.- Measured spamlse load distributions and spanwise 
variation of section critical Mach number on ta ered wing 
with NACA 63(420)-422 root section and U C A  63(&0)-517 
tip section at CL = 0.2. 
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